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摘  要
         
         
本文对中国核动力研究设计院自主研发的两种制备工艺的N36锆合金进行了微观组
织与微观化学分析和表征。采用400千伏离子注入机对锆合金进行辐照，分析辐照
后的微观结构，以研究其辐照行为与规律。采用高温高压反应釜对原始态锆合金和
受辐照的锆合金进行了腐蚀，分析了不同实验条件下锆合金表面氧化层、氧化膜
/金属界面和金属基体的微观结构演变规律与特点。
增加冷轧次数与退火过程会导致锆合金的晶粒尺寸变大和不均匀化，平均尺寸从
3.9μm长大到6.0μm；且析出相的尺寸变大、弥散程度降低，平均尺寸从74.6nm长
大至89.6nm。增加冷轧次数与退火过程会使基体中的Nb进一步析出，析出相中
Nb/Fe比值增加，平均值从1.17增加至1.39。两种锆合金中的析出相主要为面心立
方结构的(Zr，Nb)2Fe化合物，Nb/Fe比值较低，尺寸较大。而在增加冷轧次数与退
火过程的锆合金中还观察到少量密排六方结构的Zr(Nb，Fe)2析出相，Nb/Fe比值较
高，尺寸较小。
Kr+辐照对2种锆合金均产生了辐照损伤，包括部分析出相的非晶化、锆基体中气泡
的产生与生长，但辐照对2种锆合金造成的辐照损伤程度不同。Kr+离子辐照没有导
致锆合金基体非晶化，锆基体依然保持晶体结构。辐照对两种锆合金基体中析出相
的影响不同。#1锆合金中形成明显尺寸气泡所需要的离子辐照剂量高于#2锆合金。
随着辐照温度或者辐照剂量的增加，在锆合金基体中所形成的气泡的平均尺寸是增
加的，而在相同辐照剂量情况下，#1锆合金基体中形成的气泡尺寸要比#2锆合金中
形成的气泡尺寸小。#1锆合金抗离子辐照损伤的能力总体上优于#2锆合金。
经高温高压腐蚀实验后，在锆合金表面形成了氧化层，表面氧化层与锆基体
(O/M)的界面呈现波浪状。氧化层中靠近水蒸气侧区域主要由等轴晶形态的单斜晶
体结构的ZrO2组成；氧化层靠近O/M界面区域为柱状晶形态的锆氧化合物，主要含
有四方结构的ZrO2和少量面心立方结构的ZrO；O/M界面下方的锆合金基体中含有少
量面心立方结构的ZrO。氧化腐蚀后，虽然有氧扩散进析出相内，但未导致其晶体
结构发生改变。在氧化层中，靠近水蒸气侧的区域内存在大量尺寸不均匀的空隙
；而靠近锆合金基体处的氧化层中却难以观察到空隙。
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Abstract
         
         
The microstructure and micro chemical composition of two types of N36 Zr alloys
prepared with different processes developed by Nuclear Power Institute of China
were analyzed in this thesis. In order to study the irradiation behaviors of the two
alloys, 400 KV ion implanter located at the ion beam laboratory, college of energy,
Xiamen University was employed to irradiate them and the microstructure of
alloys after irradiation were analyzed. Original and irradiated alloys were corroded
in autoclaves in a high temperature and high pressure atmosphere. Then, the
evolution of the microstructure morphology and chemical composition of the
oxidation layer, oxide film/metal interface and metal matrix were characterized
and analyzed.
Increasing of cold rolling times and annealing times, the crystal grain of Zr alloy
became much larger and much more non-uniformly in size. The average size of
crystal grain grew from 3.9μm to 6.0μm. Further, the size of precipitates also
became larger and the dispersion degree became much more non-uniformly, the
average size of precipitates grew from 74.6nm to 89.6nm. Increasing the cold
rolling and annealing times could induce more Nb separating out from the matrix.
The average of Nb/Fe ratio of precipitates increased from 1.17 to 1.39. Most of
precipitates in Zr matrix were (Zr,Nb)2Fe compounds with FCC structure.
Besides, a few of Zr(Nb,Fe)2 precipitates with HCP structure were also observed
in the alloy (#2) increased of cold rolling and annealing times, but their size was
much smaller.
Irradiation damage was produced in these two types of zirconium alloys by Kr+
irradiation, including the precipitates changed to amorphous, the formation and
growth of bubbles in the zirconium matrix. But the irradiation damage degree on
the two types of zirconium alloy was different. The matrix remained crystal
structure after irradiation. The effects of irradiation on the precipitates were
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different for the two alloys. For #1 alloy, it need much more irradiation flux to form
identifiable size bubbles than #2 alloy. The bubble size in these two kinds of
zirconium alloys increased with the increasing of irradiation temperature or
irradiation dose. At the same irradiation flux, the bubbles formed in #1 alloy are
smaller in size than those bubbles formed in #2 alloy. In conclusion, #1 alloy has
much better anti-radiation performance than #2 alloy.
After high temperature and high pressure corrosion, a layer of oxides was formed
on the surface of Zr alloys. The shape of the oxide/Metal (O/M) interface showed
like ripple markings. The corrosion layer near the water vapor side area were
equiaxed grains with small size are mainly composed of ZrO2 with monoclinic
structure. The columnar oxide grains close to the (O/M) interface are mainly
composed of ZrO2 with tetragonal structure and a few of ZrO with cubic structure.
There was a few of ZrO existed in the metal matrix near the O/M surface.
Although the oxygen was diffused into the precipitates, the crystal structure was
not changed for them. It was easy to observe many porosities with uniform size in
the oxide layer near the water vapor side, but it was difficult to observe them in
the layer near the metal matrix.
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